-INTRODUCTION
The fact that a wave propagating in a nonlinear dispersive medium is subject to instabilities with respect to weak modulations is well known and is of importance in different fields of application /1,2/. Only recently, however, this modulational instability has been observed in the propagation of light inside optical fibers 131, and its potential for generating ultra-high-repetition-rate trains of pulses has been demonstrated in the anomalous dispersion regime 141.
The effect of including both state of polarization and birefringence in the description of modulational instability in fibers was not considered before. In the steady-state, however, self-induced polarization changes and natural birefringence lead to spatial instabilities I51 which may induce intensity or phase-controlled switching of an intense light beam between orthogonal polarization states 161. In the present work we extend previous theories by including dispersion, birefringence and nonlinearity in the description of pulse propagation in a fiber: this leads to predicting new modulational polarization instabilities, generated by the interplay between the steady-state instability 151 and the four-photon mixing interaction Dl. An important result of our approach is that modulational polarization instabilities may also occur in the normal dispersion regime.
-THEORY
Consider the propagation in a birefringent fiber of the complex field where f is the common transverse distribution of the two orthogonally polarized modes, with linear propagation constants kx,y The two modes are mixed by the nonlinear displacement and the resulting coupled nonlinear equations for the (suitably normalized) amplitudes of the modes linearly polarized along the x and y directions, say u and v respectively, read corresponding to a linearly polarized pulse, whose polarization is aligned with either the slow or fast axis of the fiber, depending on the positive or negative sign of K, respectively. Consider the stability of the solution (4) with respect a weak modulation. The perturbed version of %. (4) is written as usual as
By inserting the expressions (5) linearly polarized along the slow axis, with a pump traveling in the fast mode, or (b) linearly polarized along the fast axis, with a pump in rhe slow mode. modulational instability first occurs as p grows up to unity (this is the bifurcation power of the continuous wave instability). Whenever 1 I p 5 2 , peak gain occurs for zero detuning, indicating that the spatial instability of the pump itself prevails. As soon as p > 2, the peak gain shifts to a finite detuning; this value is given, in general, by
The above expression turns out to be precisely the phase matching condition k(oo + Q) + k(o0 -Q) = 2 k ( q ) for the four-photon mixing interaction between the intense pump and two orthogonally polarized sidebands. Fig.  2(b) refers to the case of slow mode excitation; the peak gain is again given by eq.(8). The comparison between Figures 1 (a) and (b) shows that the continuous wave instability of the fast axis considerably broadens the gain curves, and prevents any modulational instability for p < 1. Conversely, the slow axis, which is stable in the steady state, does not exhibit a threshold in its modulational instability. Furthermore, it is remarkable that instability for the orthogonally polarized sidebands occurs both in the normal and anomalous regime, whereas the scalar instability described by equation 6(a) requires the anomalous dispersion regime.
-ULTRASHORT PULSE GENERATION
As proposed by Hasegawa 1101 and recently experimentally demonstrated 141, modulational instabilities have potential for generating trains of ultrashort pulses at the output of a fiber, when a weakly modulated beam is launched the at the fiber input. The initial modulation of the carrier may be obtained for example by means of a tunable semiconductor laser: in this case the instability is induced at a given frequency detuning which in turn fixes the repetition rate of the generated train of pulses. These earlier results were based on the scalar treatment (i.e., eq.6(a)), predicting modulational instability in the anomalous dispersion regime only. The present approach, which includes the state of polarization and fiber birefringence in the description, shows that modulational instabilities exist and can be exploited also in the normal dispersion regime. We investigated this point by means of the beam propagation method, which allows for studying the evolution of a weakly modulated wavetrain over distances that lie beyond the limit of validity of the linearized eqs.(6).
Figures 2 (a) and (b) show examples of the coupling of light between the slow and fast modes with amplitudes u and v, respectively, in the normal dispersion regime. In fig. 2(a) , a relatively long square pulse whose normalized peak power is p = 3 is coupled into the fast mode at the fiber input, while a weak modulation is imposed onto the orthogonal axis. As can be seen, the continuous-wave spatial instability leads to abrupt transfers of energy between the modes, until the dispersive broadening introduces a severe distortion and beakup into an irregular sub-pulse structure. It is worth noting that, in this case, the low-frequency instability prevented the development of the induced instability at the modulation frequency. On the other hand, fig. 2(b) shows that when the input wave (with p = 4/3) is coupled into the slow mode, the modulation initially present in the orthogonal polarization grows with distance, eventually leading to a sequence of short pulses, which propagate unchanged until heavy depletion and broadening of the camer waveform occurs. Figures 3(a) and (b) display sequences of pulses generated by modulational polarization instabilities, in the normal and anomalous dispersion regimes, respectively. Fig. 3(a) shows the field component propagating in the fast axis, as extracted from fig. 2 (b) with Z = 2.56. On the other hand, fig. 3(b) shows an example of a soliton-like train of pulses, which is generated in the polarization orthogonal to the pump (p = 413) and in the anomalous dispersion regime.
-CONCLUSIONS
We found that, if the unavoidable changes in the state of polarization along a fiber are accounted for, modulational instabilities may occur both in the normal and in the anomalous dispersion regime. Waves that are spatially unstable in the steady-state will ultimately become stable with respect to sufficiently rapid modulations: the time scale is fixed by group-velocity dispersion. Conversely, a spatially stable uniform wavetrain, such as for example one which is linearly polarized along the slow axis, may decay into orthogonally polarized sidebands whose detuning falls in a certain range of frequencies, which are in turn determined by dispersion and birefringence. These phenomena should make possible the generation of ultrashort trains of pulses in the normal dispersion regime. On the other hand, since all-optical fiber switches are based on the continuous wave spatial instability, the present study shows that when short pulses are involved the instability gain eventually decreases, indicating that a fundamental limit (set by dispersion) exists to the ultimate speed of these devices. Finally, as discussed in detail elsewhere 11 11, modulational polarization instabilities offer new possibilities for generating squeezed light.
